Due to an increase in international demand, quinoa production has boomed tremendously in the Andes since the early 2010s. This has led to significant investments into developing improved varieties for large-scale agribusinesses, but breeding programs are not tailored to the needs of smallholders. In this paper, we study farmers' preferences and willingness to pay for improved quinoa varieties in the Junín region in Peru. We use data from a choice experiment among 458 smallholders and estimate generalized multinomial logit models to control for preference and scale heterogeneity. We find that farmers generally prefer improved varieties over traditional varieties, with mildew-resistance as the most important crop trait. In general, farmers prefer varieties that are characterized by larger grain sizes, higher yield levels, lower levels of saponin, and a reduced maturation period. Yet, food-insecure farmers are found to be indifferent to early maturity and a larger grain size, which can be explained by a lower degree of commercialization among these farmers. Our results imply that developing mildew-tolerant and higher-yielding varieties with a medium to low saponin content is a priority if investments in quinoa technologies are to benefit small-scale and food insecure farmers in the Andean highlands of Peru.
Introduction
Traditionally, quinoa is one of the oldest crops being cultivated in the Andes region for over 7000 years [1, 2] . It has been recognized for its high nutritional value by the pre-Inca cultures [2] and is one of the most important Andean farmer's staple crop [3] . Recently, quinoa has been widely promoted as a highly nutritious food outside the Andes, and demand from high-income countries is rapidly increasing [4, 5] . As a consequence, production of quinoa has boomed tremendously in the Andes region since 2010, with Peru as main producing and exporting country. While quinoa is traditionally cultivated as a common staple and subsistence crop by smallholders in the Andes region, it is increasingly produced by large-scale farms in the Peruvian coastal areas as a high-value export crop [6] . In addition, the number of countries growing quinoa outside the Andean region, like the United States of America, United Kingdom and Denmark among others, has risen sharply since 2014 but their production volumes are very small compared to Andean production [7] [8] [9] . This transition has been supported by recent investments into the development of improved quinoa varieties, focusing on higher yields, a reduced maturation period and a sweeter taste [9] .
It is unlikely that the current developments towards improved quinoa varieties will benefit small-scale producers and improve local food security in Andean regions. Investments are mainly targeted to the export sector and large-scale producers in coastal areas. Smallholders face different constraints to crop production and marketing than large-scale producers and might have different preferences for certain traits of improved quinoa varieties. For example, taste preference in Andean regions where quinoa belongs to the traditional diet may differ from taste preferences in international markets where quinoa has become healthy food type that has the highest content of protein compared with conventional grains like wheat, corn and rice [10] and that contains all essential amino acids [11] , is gluten-free [12, 13] and easy to digest [14] . In addition, one of the major impediments to reaching high productivity in the Andes region is quinoa's susceptibility to mildew, a plant disease caused by fungi [4, 15] . This pathogen causes the development of chlorotic and necrotic spots in the leaves and premature leaf fall, leading to yield reductions of up to 99% in susceptible cultivars [9, 16] . Given that smallholders in the Andes region still cultivate almost 90% of the total area allocated to quinoa production in Peru, the development of mildew-resistant varieties might a priority for researchers and policy makers.
In order to increase adoption rates of improved varieties among quinoa producers, it is crucial to take into account their specific requirements and needs ex-ante, before new varieties are developed and introduced [17] . From a policy making perspective, it is important to know how much farmers are willing to pay for new varieties and to evaluate the most important crop traits in order to optimize investments in breeding programs. In this paper, we study farmers' preferences and willingness to pay for improved quinoa varieties in the Junín region in Peru, using a choice experiment among 458 Andean smallholders. A choice experiment is a stated preference method to assess which specific traits of a certain hypothetical scenario (in this case improved quinoa varieties) are valued most. Previous research has used choice experiments to investigate farmers' preferences and willingness to pay for improved seed varieties of different staple food crops, such as maize in Zimbabwe [18] and Mexico [19] , pearl millet in India [20] , beans in Burundi [21] , rice in India [22] , and sorghum and teff in Ethiopia [23] . These studies show that farmers' preferences for improved staple crop seeds are heterogeneous and depend on the local context, and demonstrate the usefulness of using choice experimental research to provide ex-ante insights on farmers' preferences for agricultural technologies. To the best of our knowledge, no studies have analyzed the preferences of Andean quinoa farmers for improved quinoa seeds. This paper thereby makes a relevant contribution as quinoa is an increasingly important crop in local as well as international markets. For smallholder Andean quinoa farmers to benefit fully from lucrative market opportunities and ongoing investments in quinoa research and technology development, it is imperative to understand their preferences. In addition, we use an approach that allows us to analyze preference heterogeneity as well as scale heterogeneity while most existing choice experiment studies do not distinguish between these two sources of heterogeneity.
The rest of the paper is structured as follows. The second section provides background information on quinoa production and the development of improved varieties in Peru. The third section describes the data and methodology while the fourth section presents the results. In the fifth section we discuss the results and the sixth section concludes.
Background

Export and Production of Quinoa
The international demand for quinoa as a highly nutritious food has increased rapidly since 2007 [24] . Peru has consolidated its position as market leader in quinoa exports, bypassing Bolivia to be the largest quinoa exporter since 2014. The export volume in Peru increased with an average annual growth rate of 37% during the period 2000-2017 (Figure 1 To meet this international demand, the area allocated to quinoa production has increased tremendously in Peru. Quinoa is cultivated in 18 out of the 24 regions in Peru [25] . An important distinction can be made between the six traditional producer-regions in the Andes (Apurimac, Ayacucho, Cajamarca, Cusco, Junín and Puno), which account for 89% of national quinoa area in 2016, and 12 secondary and new producer-regions (Arequipa, Ancash, Huancavelica, Huánuco, Ica, Lambayeque, La Libertad, Lima, Moquegua, Pasco, Piura and Tacna), which account for 11% of the national area ( Figure 2 ). These new producer-regions are mainly located in the coastal agro-industrial zones of Peru, where the government has actively promoted the expansion of quinoa cultivation since 2014. Because of the large adaptability of quinoa to other environmental conditions and a more efficient water and soil use, productivity in these areas is higher than in the traditional producerregions; with average yields of 1.9 ton/ha, compared to 1.3 ton/ha in traditional regions [26] . In the traditional producer-regions in the Andes, quinoa production is constrained by adverse climate and agro-ecological conditions such as drought, frost, wind, hail, soil salinity and poor soil fertility [2, 15, 27] . Also the occurrence of mildew, the most important plant disease in quinoa production, can seriously constraint productivity [4, 15] . The maturation period for quinoa is relatively long-six months for the most common variety used in the research area-which is a limiting factor for farmers seeking several crop rotations per year. In addition, farmers face 1991  1992  1993  1994  1995  1996  1997  1998  1999  2000  2001  2002  2003  2004  2005  2006  2007  2008  2009  2010  2011  2012  2013  2014  2015 To meet this international demand, the area allocated to quinoa production has increased tremendously in Peru. Quinoa is cultivated in 18 out of the 24 regions in Peru [25] . An important distinction can be made between the six traditional producer-regions in the Andes (Apurimac, Ayacucho, Cajamarca, Cusco, Junín and Puno), which account for 89% of national quinoa area in 2016, and 12 secondary and new producer-regions (Arequipa, Ancash, Huancavelica, Huánuco, Ica, Lambayeque, La Libertad, Lima, Moquegua, Pasco, Piura and Tacna), which account for 11% of the national area ( Figure 2 ). These new producer-regions are mainly located in the coastal agro-industrial zones of Peru, where the government has actively promoted the expansion of quinoa cultivation since 2014. Because of the large adaptability of quinoa to other environmental conditions and a more efficient water and soil use, productivity in these areas is higher than in the traditional producer-regions; with average yields of 1.9 ton/ha, compared to 1.3 ton/ha in traditional regions [26] . To meet this international demand, the area allocated to quinoa production has increased tremendously in Peru. Quinoa is cultivated in 18 out of the 24 regions in Peru [25] . An important distinction can be made between the six traditional producer-regions in the Andes (Apurimac, Ayacucho, Cajamarca, Cusco, Junín and Puno), which account for 89% of national quinoa area in 2016, and 12 secondary and new producer-regions (Arequipa, Ancash, Huancavelica, Huánuco, Ica, Lambayeque, La Libertad, Lima, Moquegua, Pasco, Piura and Tacna), which account for 11% of the national area ( Figure 2 ). These new producer-regions are mainly located in the coastal agro-industrial zones of Peru, where the government has actively promoted the expansion of quinoa cultivation since 2014. Because of the large adaptability of quinoa to other environmental conditions and a more efficient water and soil use, productivity in these areas is higher than in the traditional producerregions; with average yields of 1.9 ton/ha, compared to 1.3 ton/ha in traditional regions [26] . In the traditional producer-regions in the Andes, quinoa production is constrained by adverse climate and agro-ecological conditions such as drought, frost, wind, hail, soil salinity and poor soil fertility [2, 15, 27] . Also the occurrence of mildew, the most important plant disease in quinoa production, can seriously constraint productivity [4, 15] . The maturation period for quinoa is relatively long-six months for the most common variety used in the research area-which is a limiting factor for farmers seeking several crop rotations per year. In addition, farmers face In the traditional producer-regions in the Andes, quinoa production is constrained by adverse climate and agro-ecological conditions such as drought, frost, wind, hail, soil salinity and poor soil fertility [2, 15, 27] . Also the occurrence of mildew, the most important plant disease in quinoa production, can seriously constraint productivity [4, 15] . The maturation period for quinoa is relatively long-six months for the most common variety used in the research area-which is a limiting factor for farmers seeking several crop rotations per year. In addition, farmers face constraints to meet requirements in export markets due to a high saponin content in the seed hull, and small and non-uniform grain sizes [26, 28] .
Development of Improved Quinoa Varieties
For centuries, Andean farmers have been involved in the domestication and selection of quinoa varieties, which has led to a high level of genetic diversity [28] . Based on quinoa's ability to adapt to different agro-ecological conditions in the Andes, five main ecotypes can be distinguished: inter-valleys, altiplano, salare, coastal and yungas [7] . However, many varieties are not well adapted to environmental conditions outside their ecotypes. The great genetic diversity of quinoa in the Andes entails the possibility to develop varieties that are tailored to the specific conditions in each ecosystem, and that lead to a higher productivity [7] .
The current development of improved quinoa varieties mostly focuses on production for the international market. In Europe and North America, breeding programs concentrate on early maturity, high yield, uniformity of seeds and sweet cultivars for commercial production [28] . In Peru, the Cereal and Native Grain Research Program at the National Agricultural University La Molina is developing genetically improved quinoa seeds, with a focus on early maturation and reduction in plant height for easier introduction of quinoa in modern agricultural systems [29] .
Recently, there has been an effort to develop improved varieties for the traditional producer-regions in Peru. Nationally, 35 quinoa varieties have been identified, of which eight are improved (Table A1) [30, 31] The uptake of these improved varieties among smallholder farmers is rather limited. This could be related to a lack of farmer awareness about improved quinoa varieties; a high cost of improved varieties combined with capital constraints and risk aversion among farmers; or the traits of the improved varieties not being in line with farmers' preferences.
Quinoa and Food Security
Quinoa is one of the main grain crops supplying highly nutritious food for farm-households in the Andean region. It also has the potential to contribute to food security in other regions of the developing word [15] . Compared with other grains, like wheat, corn and rice, quinoa has a higher protein content, contains all essential amino acids, and is easy to digest as it is gluten free [10] [11] [12] [13] [14] . Being a strategic Andean crop in the region, quinoa has attracted political and research interest since 1999. The Peruvian government has been promoting quinoa cultivation to improve the food security of the impoverished Andean population through various social programs [1, 26] . In 2008, the food assistance program "National Food Support Program -PRONAA" was authorized by the state to purchase Andean agricultural products, with quinoa being one of those products, directly from local small farmers. Since 2012, the National Program School Food Qali Warma provides a quality food service, that is adapted to local consumption habits, to girls and boys who are enrolled in public educational institutions at the primary and kindergarten levels. The program incorporates quinoa as a processed product.
The boom in quinoa production and trade entails important opportunities for upward income mobility and improved food security among Andean smallholders [32] . Farmers benefit from higher prices and larger sales volumes, which can indirectly contribute to an increased access to food through market purchases [9] . On the other hand, the increased price of quinoa creates a shift in local farm-household diets towards cheaper and less nutritious food [6] . In addition, the international market has created pressure for the intensification of quinoa production, focusing on only a few varieties, which in some cases created environmental problems and a decreased quinoa variety diversity [33] . By introducing improved varieties that are tailored to smallholders' needs, quinoa production might improve food security in the Andean region through higher productivity levels and lower prices.
Data and Methodology
Research Area
In this paper, we focus on traditional quinoa producers in the Junín region, located in the central highlands of Peru. In 2012, this region was considered to be moderately vulnerable to food insecurity [34] . Before 2013, quinoa was a subsistence crop for smallholder farmers and was mainly produced on small plots of land for self-consumption [35] (Table A2 ). Andean farmers usually diversify crop production with potato, barley and maize as the most common crops in the Junín region [36] . Quinoa is cultivated in two agro-ecological zones in the Andean region of Junín, namely Quechua and Suni zones with altitudes between 2300-3500 m.a.s.l. and 3400-3800 m.a.s.l., respectively, and average annual temperature around 11-16 • C and annual rainfall between 500 and 1200 mm [37] .
The quinoa production in this region is highly prone to mildew (Peronospora farinosa) [38] . It affects the germination and the formation of the first leaves of quinoa and causes a risk of yield loss. The Junín region is one of the five sub-centers of genetic diversity of quinoa and smallholders use five local commercial varieties, like Hualhuas, Junín white, Junín pink, Huancayo and Mantaro [25] . However, farmers do not always know which varieties they use, so in practice the number of varieties will be higher.
Choice Experiment
Concept
We employ a discrete choice experiment to ex-ante analyze farmers' preferences and willingness to pay for an improved quinoa variety in the Junín region by presenting various hypothetical quinoa variety scenarios. Discrete choice experiments are a stated-preference method and are based on Lancaster's consumer model, in which respondents are presented with several choice sets, each containing a number of alternatives between which respondents are asked to choose. Each alternative is described by its attributes and each attribute takes one of several levels that describe ranges over which the attributes vary [39] . As a result, respondents derive utility from the different attributes of a good rather than the good as a whole [40] . It has been shown that choice experiments model respondents' preferences better than other stated preference methods, like contingent valuation where respondents are asked to state one value that they are willing to pay for the whole product [41] . It is assumed that respondents choose the alternative which maximizes utility among the available options [42] . Experimental choice modeling allows to assess ex-ante preferences, when the good or service is not available in the market.
Choice experiments have become a popular tool to evaluate the preferences of respondents in marketing research [43, 44] , labor economics [45, 46] , agricultural technology studies [18, [21] [22] [23] , and studies on the adoption of sustainability standards [47, 48] . Several studies have used choice experiments to analyze the adoption of improved varieties among smallholder farmers in some staple food crop sectors, including a study on maize in Zimbabwe [18] , on rice and pearl millet in India [20, 22] , on beans in Burundi [21] , and on sorghum and teff in Ethiopia [23] .
Design
The design of a choice experiment entails different steps. The first step includes the identification of relevant attributes and attribute levels. Based on a review of the literature on quinoa seed, household survey data from 2014, semi-structured interviews with quinoa breeders at the National Institute of Agricultural Innovation (INIA), the Experimental Station of Santa Ana-Huancayo and agricultural experts at La Molina Agrarian University (UNALM), and four focus group discussions with quinoa farmers in the Junín region, we identify six attributes: (1) seed price, (2) grain size, (3) susceptibility to mildew, (4) maturation period, (5) yield and (6) saponin content ( Table 1) . The first attribute is seed price, which is a monetary attribute and is expressed as the price of one kilogram of seed. The six levels (4, 9, 14, 24, 34 and 40 PEN/kg) were chosen based on the average seed price in 2014 (about 9 PEN/kg), and the maximum and minimum price that focus group respondents found acceptable. We expect farmers to prefer a lower seed price.
The second attribute, grain size, describes the diameter of the grain expressed by two levels: (1) small grain with less than 1.8 mm, and (2) large grain with a diameter major of 1.8 mm. The current varieties that farmers use have a small grain size, which is more difficult to transform into pearled seeds or flakes by the food industry. We expect that farmers prefer a large grain size in order to receive a better price and sell to the food industry.
The third attribute, susceptibility to mildew, represents a factor of risk to farmers, as mildew leads to yield losses when it affects quinoa. This attribute is a key factor in smallholders' preferences for improved quinoa varieties, as mildew-resistant or mildew-tolerant varieties ensure more stable yields. We include three attribute levels: (1) resistance, with a risk of yield loss between 0% and 5%, (2) tolerance, with a risk of yield between 6% and 10% and (3) susceptible to mildew, with a risk of yield loss by more than 10%. We expect farmers to be risk averse and to dislike a susceptible quinoa seed.
The fourth attribute, maturation period, is expressed as the number of months between sowing and harvesting of quinoa. It represents another factor of risk for farmers, which is related to extreme weather events. If the maturation period is shorter, frost and drought are less likely to affect quinoa production and the opportunity costs of land (and labor) is reduced. Three levels (4, 5 and 6 months) have been chosen based on the minimum and maximum time to mature. We expect that farmers prefer early maturity varieties as a way to reduce the risk of extreme weather events.
The fifth attribute, yield, is expressed as the expected output (in tons) of quinoa for one hectare. The yield levels (1, 2, 3, 4, 5 and 6 ton/ha) are based on the maximum level that experts deem to be feasible. The yield attribute is independent from the dosage of fertilizers and agricultural management. We expect that farmers have a strong preference for higher yields.
The sixth attribute, saponin content, is related to the level of saponin in the quinoa grain. We include three attribute levels: (1) bitter with a high level of saponin, (2) semi-sweet with low content of saponin, and (3) sweet without saponin. Saponin is found in the pericarp (outer shell) and gives the grain a bitter taste. It must be removed before the quinoa is edible, which increases the processing cost. We expect that farmers dislike seeds with higher saponin levels.
The second step of the design entails the construction of the choice cards. Each choice card includes two unlabeled alternatives that represent a hypothetical improved quinoa variety, described by the six attributes with varying levels. In addition, we include a status quo or opt-out option, indicating that the respondent is not willing to adopt an improved quinoa variety. If a farmer chooses this option, (s)he uses a white quinoa variety called Hualhuas. We chose this variety as the status quo, as it is the most common variety cultivated by farmers in Junín region. During the 2014 season, it was cultivated by 78% of farmers in the sample. It is a long-maturation (6 months) variety and is yielding approximately 2 tons/ha under normal conditions. It is a small grain with a low content of saponin (semi-sweet) and susceptible to mildew. The average seed price for this variety was about 9 PEN/kg in 2014.
Each farmer evaluated 12 choice cards. The total number of possible combinations of the two alternatives, the six attributes and its associated levels is (2 × 3 3 × 6 2 ) 2 = 3,779,136, which is too much to be evaluated by the farmers. We use a D-efficient design to reduce the number of choice cards to 12 (Table A3 ). This design aims to minimize the correlation between the attribute levels in the choice experiment and to minimize the standard errors of the parameter estimates. In a first phase, we use a small positive or negative number (0.001 and −0.001) to indicate whether we expect a positive or negative effect for a specific attribute. We expect that yield, grain size, mildew, and saponin content will positively influence the probability that an improved quinoa variety is chosen, while we expect a negative effect for maturation period and seed price. This preliminary design is used in a pilot test among 32 farmers who live in the Junín region. In a second phase, we use the parameter estimates from the pilot test in order to improve the efficiency of the design. The D-error of the preliminary design is 0.0933 while this is 0.0896 in the final design. We use Ngene software to generate the design. An example of a choice card is given in Figure A1 .
Data Collection
Data were collected in two phases. First, we collected farm-household survey data between February and March 2015. As a sampling frame of quinoa-producing households does not exist from census data and quinoa farmers are not evenly spread across districts and villages in the Junín region, we used a specific sampling strategy to be able to identify a representative sample of quinoa farmers who are clustered in villages. We employed a three-stage sampling design with purposive selection in the first stage and stratified random selection in the second and third stage. In the first stage, based on statistics collected from Regional Direction of Agriculture of Junín (DRAJ, 2016), we identified 61 districts where quinoa was produced in 2014 and selected 25 that were more specialized in quinoa cultivation (with the median of the location ratios in the last three years more than one). The location ratios
represent the relationship between the participation of sector "i" in region "j" and the participation of the same sector in the national total and therefore, it is used as a measure of "relative or interregional specialization". The relative specialization of a region in an activity (sector) would be associated with Q ij > 1; and it is measured with the harvested area between quinoa and total area cultivated (Lira, L., Quiroga, B., 2009. In the second stage, based on reports and personal communication with employees from the agricultural agencies of Concepción, Chupaca and Jauja, we identified 154 villages in total from which we randomly sampled 47 villages. Due to incomplete information about the number of quinoa farmers per district, we could not select the villages proportional to size but we selected them proportional to population density. In the third stage, we randomly selected 518 farm-households, with the number of households in each village proportional to the population of quinoa producers. The strength of this sampling strategy is that a sufficiently large sample of quinoa farmers could be identified in a limited number of villages that could be surveyed within feasible budget and time limits. A drawback of the sampling strategy is that quinoa farmers in more specialized quinoa areas and in larger and more densely populated villages might be oversampled. We used a quantitative structured questionnaire which provides household-level data on socio-demographic characteristics; land ownership; quinoa production and marketing; other crop production and marketing; livestock and animal production; off-farm activities and other income; and food security and quinoa consumption.
Second, we implemented a choice experiment in November and December 2016 using the same sample of farmers from the farm-household survey. From the 518 farmers in the sample, 458 farmers could be re-surveyed. This amounts to an attrition of 11.6%, which is due to local migration and refusal to participate in the survey. To ensure that the respondents understand the choice tasks, enumerators carefully explained the purpose of the choice experiment. They stressed that farmers should select the variety that they are most interested in, but that they should also be willing to pay the price indicated on the choice card. Each attribute and its levels were described into detail, and were visually represented on the choice cards. To test whether the choice experiment was understood by the farmers, we first presented a choice card in which there was one clearly dominant alternative before we proceeded with the actual choice experiment. In order to mitigate bias from respondents' fatigue or a learning effect, we presented the choice cards in a random order to each respondent. The choice experiment lasted about twenty minutes, and was accompanied by a small survey on current quinoa seed use and production/marketing practices.
Econometric Analysis
To estimate farmers' preferences for different traits of improved quinoa varieties, we use a generalized multinomial logit (G-MNL) model [49] . The model incorporates both preference and scale heterogeneity, as it nests both the mixed logit (MXL) model and the scale heterogeneity multinomial logit (S-MNL) model. Preference heterogeneity relates to the fact that preferences for specific attributes are individual-specific and vary across respondents, while scale heterogeneity relates to the fact that choice consistency varies across respondents, implying an individual-specific error variance. Although preference heterogeneity has been widely acknowledged in the literature, there are few empirical studies that take scale heterogeneity into account [18] . Not taking into account scale heterogeneity might lead to biased estimates [50] . The utility (U ijt ) to farmer i (i = 1, . . . , 458) from choosing alternative j (i = 1, 2, 3) in choice card t (t = 1, . . . , 12) in the generalized multinomial logit model (G-MNL) is given by:
where x ijt is the vector of attributes; β i is the vector of individual-specific parameters; and ε ijt is the idiosyncratic error, which is assumed to be independently and identically distributed (i.i.d.) (Equation (1)). The specification of β i (Equation (2)) depends on β, which is a vector of mean attribute utility weights; σ i a person-specific scale heterogeneity of the idiosyncratic error which is log-normal with mean 1 and standard deviation τ, or LN(1, τ 2 ); η i , which is a vector of individual specific deviations from the mean distributed MVN (0, Σ); and γ, which is a scalar parameter that governs the variance of residual taste heterogeneity. We assess the robustness of our results to scale heterogeneity by comparing three models in which γ is specified as its two extremes (zero and one), and a value in between. If γ is set to zero, the model G-MNL-I implies β i = σ i β + η i , whereas if γ is set to 1, the model G-MNL-II implies β i = σ i (β + η i ). The difference is that in the G-MNL-I model, the standard deviation of η i is independent of the scaling of β, whereas in G-MNL-II, it is proportional to σ i [49] . This implies that the vector of utility weights β is scaled up or down proportionally across farmers by the scaling factor σ i . If the model with an unspecified value of γ leads to similar coefficient estimates, then we can conclude that the unrestricted model takes scale heterogeneity sufficiently into account [51] . All models are estimated using Stata MP V.15 software (StataCorp. 2017. Stata Statistical Software: Release 15. College Station, TX, USA: StataCorp LLC). Our model includes an alternative specific constant (ASC) to account for the alternative in which the farmer does not choose an improved variety but a traditional variety instead (meaning a positive α coefficient). The ASC is a dummy variable, coded zero for the improved varieties and one for the traditional variety. The ASC reflects a farmer's general attitude to the adoption of improved (quinoa) varieties, capturing factors not included by attributes in the choice experiment. We assume that farmers have a homogeneous preference for lower quinoa seed prices and we specify the price attribute to have a fixed coefficient. This is in line with other studies like Ochieng et al. (2017) [45] and Meemken et al. (2017) [47] . All other attributes and the ASC are specified as random and normally distributed. To account for preference heterogeneity, we estimate the G-MNL model for the full sample of farmers and for subsamples of food secure and food insecure farmers separately-with food security calculated as explained below. We use this approach to identify preference heterogeneity instead of the more common approaches based on interaction terms in mixed logit models or latent class models as these approaches did not results in additional relevant insights. Assuming a linear utility function, the mean marginal willingness to pay (WTP) for a certain attribute x is given by the negative ratio of the coefficient for attribute x and cost (price of quinoa seed) [41] . It represents the marginal rate of substitution between a certain attribute and the cost attribute, or in other words, how much the farmer is willing to pay for a one-unit change in a specific trait. This measure allows us to compare whether food secure farmers and food insecure farmers have different preferences for improved quinoa varieties.
Measurement of Food Security
We measured food security using the Food Insecurity and Hunger Module (FIHM) developed by the United States Department of Agriculture (USDA). Food security is defined as "Access by all people at all times to enough food for an active, healthy life. It includes (1) the availability of nutritionally adequate and safe foods, and (2) the ability to acquire acceptable foods in socially acceptable ways" [52] . The FIHM is a questionnaire consisting of 18 multiple-choice questions, which measure the food security situation at the household level during the last twelve months prior to the survey (Table A4) . When a household experiences food insecurity, the frequency is assessed as well (ranging from "often" to "some months but not every month"), which are coded as a positive response. Based on the sum of these responses, a score on the "Household Food Security Scale" is determined. This is a single numerical value ranging from 0 to 10, which measures the degree of severity of food insecurity/hunger experienced by a household. This measure allows us to classify households according to their food security status into four categories, each one representing a meaningful range of severity on the underlying scale: (1) food secure (from 0 to 2.2), (2) food insecure without hunger (from 2.4 to 4.4), (3) food insecure with moderate hunger (from 4.7 to 6.4), and (4) food insecure with severe hunger (from 6.6 to 10). We recode this household food security status into a binary variable "Food Insecure", equaling one if a household is food insecure (irrespective of hunger status) and equaling zero if a household is food secure.
We acknowledge that other measures of food security, such as food consumption, energy and micronutrient intake, and anthropometric measures, have been shown to more correctly estimate food and nutrition insecurity than self-reported measures, like the FIHM [53] . However, the FIHM has been demonstrated to be a useful, rapidly implementable, low-cost tool [34] , which captures both physical and psychological elements of food insecurity.
Results
Descriptive Statistics
Seventy percent of the sampled farm-households are classified as food secure and 30% as food insecure. The latter class includes households classified as "food insecure without hunger" (21%), as "food insecure with moderate hunger" (6%) and "food insecure with severe hunger" (3%). Table 2 presents household and farm characteristics for the full sample, and across food secure and food insecure farm-households. Most (87%) of the sampled households are male headed and the average age of the household head is 50 years. While for food insecure households only 14% has a household head with completed tertiary education, this is 25% for food secure households. An average household consists of 3.7 members with food-insecure households having larger households. A small minority (19%) of farmers are member of a farmer organization, with food secure farmers being more likely to be member. In terms of household welfare, we find that the income of food secure farmers is more than triple the income of food insecure farmers, and that the propensity to be poor is 15% for food insecure farmers while this is only 3% for food secure farmers. These statistics confirm that households' food security status is highly correlated with welfare, which corroborates the validity of the food security measure. Note: T-tests are used to test differences between food secure and food insecure households. Significant differences are indicated with ** p < 0.05, *** p < 0.01. a Specialization is measured as the ratio of the surface devoted to quinoa area and its total surface cultivated, both measured in hectares. Farmers in the research area cultivate on average 4.7 ha in total and allocate 1.9 ha to quinoa production. Food secure farmers produce more quinoa than food insecure farmers but this is due to a larger farm size and not to higher yield levels. The average quinoa yield is 2 tons/ha. Farmers cultivate quinoa mainly for commercial purposes; they retain on average 7% of the total quinoa production for household consumption, with food-insecure households having a larger degree of self-consumption of quinoa (11%). They are also less likely to have received agricultural training and have been cultivating quinoa for a shorter period (about three years less) than food secure farmers. There are no differences related to quinoa seed use. The majority of farmers either store and reuse the harvested quinoa grain as seeds in the next season or buy it from other farmers. The five most common varieties are Hualhuas, Blanca de Junín, Rosada de Junín, Huancayo, and INIA 433 varieties, with Hualhuas as the most common variety (78% of farmers cultivating it during harvest 2014).
The production of quinoa entails some risks, which are mainly related to pests and diseases (e.g., mildew) and extreme weather events. Twenty percent of the sampled farm-households has suffered yield losses due to pests and diseases at least one time during the last three years. This has led to a reduction of about 75% of their quinoa production. In the harvest season of 2014, 82% of the farmers experienced mildew. They mainly controlled this through the use of fungicides, but this represents a large cost for the farmers while harvests can still fail due to the incorrect application or ineffectiveness of fungicides. In addition, 40% of the sampled farm-households has suffered yield losses due to frost at least one time during the last three years, which has led to a reduction of about 50% of their quinoa production. In the harvest season of 2014, 78% of the farmers cultivated the Hualhuas variety, which has a long maturation period of about six months. As a consequence, farmers are more exposed to unpredictable, variable weather events. Table 3 presents the empirical results of the generalized multinomial logit model (GMNL). The scale parameter τ is 0.6 with a standard error of 0.07, implying substantial scale heterogeneity in the data. We account for this in the models with gamma fixed at zero (GMNL I) and gamma fixed at one (GMNL II) ( Table A5 ). The results of these models are very similar to the results of the unrestricted GMNL model, so we can assume that our results are robust to scale heterogeneity. We proceed with the analysis with the unrestricted GMNL model and estimate this for food secure and food insecure farm-households separately.
GMNL Model Results
Regarding the full sample, we find that the ASC estimate is negative and significant. This suggests that farmers generally prefer improved varieties over traditional varieties. All attribute coefficients are significant with expected signs (except for sweet quinoa, which is not significant). This suggests that all of these attributes matter in farmers' choice for improved varieties. Farmers prefer cheaper varieties that are tolerant/resistant to mildew, and that have a larger grain size, higher yield levels and a shorter maturation period. Farmers dislike a high level of saponin but are indifferent between low levels of saponin and no saponin at all. However, we also find significant standard deviations for all of these attributes (except for tolerance to mildew and sweet quinoa), which suggests that preferences differ across farmers. We indeed find differences across food secure and food insecure farmers. The preferences for quinoa variety traits of food insecure farmers differ from those of food secure farmers with respect to maturation period and grain size, for which these farmers are indifferent. Note: ASC, alternative specific constant (refers to traditional quinoa variety). a Reference category is a small grain. b Reference category is susceptible to Mildew. c Reference category is semi-sweet quinoa. * p < 0.1, ** p < 0.05, *** p < 0.01.
Willingness to Pay for Quinoa Traits
The estimated WTP values for each attribute level are given in Table 4 for the full sample as well as for food secure and food insecure households. These WTP estimates and their distributions ( Figure A2) highlight the extent to which farmers value characteristics of an improved quinoa variety. We find an average WTP of 49 PEN per kg of quinoa seed for a one ton higher yield and an average WTP of 81 PEN per kg of quinoa seed for mildew resistant varieties. These WTP values are high in comparison with current quinoa seed prices. According to the National Institute of Agricultural Innovation (INIA), the average price of quinoa seed during the time of our survey was 25 PEN/kg for a traditional variety (Hualhuas) and 40 PEN/kg for an improved variety (INIA 433-SANTA ANA/AIQ/FAO) in the Junín region. Given the discrepancy between current seed prices and the estimated WTP values, we need to interpret the WTP estimates cautiously and we do so in relative terms rather than in absolute terms.
Our results suggest that farmers are willing to pay most for an improved quinoa variety that is resistant to mildew. This is justified as mildew disease is the most important challenge for quinoa production in the Junín region. Farmers are even prepared to pay double for a mildew-resistant variety than for a mildew-tolerant variety. Compared to the other traits, farmers value a mildew-resistant variety 1.6 times higher than a one-ton increase in yield level, 8.1 times higher than a variety with large grain size, and 22.5 times higher than a one-month reduction in maturation period. However, farmers are not willing to buy a seed with a high saponin content, because the bitter taste does not allow for household consumption and makes it difficult to sell to food processors, as it increases their cost to remove the saponin.
Food secure farmers have the same ranking of attribute importance as food insecure farmers, but food secure farmers are in general willing to pay more for improved quinoa variety traits than food insecure farmers; e.g., 59.46% more for mildew-resistant varieties, 33.16% more for mildew-tolerant varieties, 55.83% more for a one-ton increase in yield level. Note: WTP estimates were derived from generalized multinomial logit model parameter estimates. T-tests are used to test differences between households with food security or not. Significant differences are indicated with *** p < 0.01. n.s. Not significant.
Discussion
In general, we find that traditional quinoa producers in the central highlands of Peru have a strong preference for improved varieties over traditional varieties-and a relatively high willingness to pay for improved quinoa varieties. Farmers have a strong preference for varieties that are resistant or tolerant to mildew. In addition, farmers prefer varieties that have higher yield levels, a larger grain size, and a shorter maturation period but their willingness to pay for these variety traits is substantially lower. Farmers dislike a high level of saponin. We find that farmers have heterogeneous preferences and that this preference heterogeneity can partially be explained by the food security status of the farm-household. Food insecure farmers, accounting for 30% of the sample, are found to be indifferent for maturation period and grain size, and to have a lower willingness to pay for improved varieties than food secure farmers. The indifference to maturation period and grain size likely relates to the fact that food insecure farmers produce less quinoa and have a larger degree of self-consumption of quinoa ( Table 2 ). As quinoa is less important as a cash crop for food insecure farmers, they do not appreciate a larger grain size, a characteristic that is valued in the market, nor a shorter maturation period, which may result in early marketing and better market prices and a lower opportunity cost of land. The lower willingness to pay likely relates to lower income levels, a higher incidence of poverty and higher capital constraints among food insecure farmers.
Mildew resistance is the most important attribute for the adoption of improved quinoa varieties among smallholder farmers in Junín region. This is in line with the reported high incidence of mildew in Junín region [38] , causing yield reductions of up to 99% in susceptible cultivars [9] and large income shocks. Farmers are willing to pay nearly twice as much for a mildew-resistant variety, which limits yield losses to less than 5%, than for a variety that leads to a one ton yield increase per ha. They are willing to pay about the same amount for the yield-increasing variety as for a mildew-tolerant variety, which limits yield losses to maximal 10% (Table 4 ). The result that mildew resistance/tolerance, and hence yield stability, is more important to quinoa farmers than higher yield levels is consistent with farmers being risk averse. Other studies document similar findings-for example that drought tolerance is a more important trait than yield level for improved maize varieties in Zimbabwe [18] , and that farmers in Ethiopia are willing to forego a higher yield for more stability in yield with improved sorghum and teff varieties [23] .
Our result that quinoa farmers prefer a shorter maturation period but that this trait is less important than mildew resistance and yield levels, might indicate that farmers are less averse for risk related to extreme weather events than for pests and diseases. In the harvest season of 2014, mildew affected more farmers than frost, and the yield losses due to mildew were much more severe (Table 2 ). In addition, mildew-resistant/tolerant varieties require less fungicides, so farmers might save costs by using such varieties, while a farmer does not make expenses related to frost protection. Our result is in line with a study on climbing beans in Burundi [21] in which maturation period was found to be a less important trait than yield levels. Yet, other studies indicate stronger farmer preferences for yield levels than for yield variability. For example, farmers were found to have a strong preference for rice and bean seed varieties that result in higher yields in India and Burundi respectively [21, 22] . This implies that farmers' preferences for improved staple food crop varieties is context specific. We find that preference heterogeneity can be partially explained by food security status, which is in line with other choice experiment studies on staple food crop varieties [18, [21] [22] [23] . A drawback of our study is that we were not able to explore preference heterogeneity more in depth, as we found few significant interactions with farm and farmer characteristics in the G-MNL model and derived no additional insights from latent class models. A novelty in our approach is the inclusion of scale heterogeneity, leading to results that are robust to heterogeneity in choice consistency across respondents-this source of heterogeneity was not accounted for in previous choice experiment studies on staple food crop varieties. This paper unravels farmers' preferences for improved quinoa varieties, and entails important implications for seed developers and breeding programs. In Peru, recent breeding programs focus on generating varieties with early maturity and short plant height for the introduction of quinoa in large-scale, modern and mechanized agricultural systems [29] -such as quinoa production in two seasons in high-technology farms along the Peruvian coast. However, small-scale and food insecure farmers who grow quinoa in non-irrigated and lowly mechanized systems in the highlands, do not benefit from these investments and improved varieties. From a public policy perspective, our results imply that developing mildew-resistant and higher-yielding varieties with a medium to low saponin content is a priority if investments in quinoa technologies are to benefit small-scale and food insecure farmers in the Andean highlands of Peru. Yet, even if preferred varieties would be developed and disseminated to farmers, there might still be constraints for actual adoption of improved varieties (even if these are in line with farmers' preferences). These constraints might relate to risk behavior of farmers, capital constraints and lack of information [54, 55] . Nevertheless, a first step in the development of improved varieties is to take farmers' needs into account-which is what our paper contributes to.
Conclusions
In this paper, we study farmers' preferences and willingness to pay for improved quinoa varieties using a choice experiment and data from 458 smallholder farmers in the Peruvian Andes. We find that farmers have a strong preference for improved quinoa varieties over traditional varieties, with mildew-tolerance or -resistance as the most important crop trait. Farmers are found to prefer varieties that are characterized by higher yield levels, a larger grain size, lower levels of saponin (causing a bitter taste), and a reduced maturation period. Yet, food insecure farmers are found to be indifferent to early maturation and a larger grain size, which likely relates to quinoa being less important as a cash crop for these farmers-and have a lower willingness to pay for improved quinoa varieties. Our results imply that improved quinoa varieties entail the highest potential for a rapid diffusion among smallholder Andean farmers if ongoing investments focus on the development of mildew-resistant and higher-yielding varieties with a medium to low saponin content. This paper contributes to the literature on ex ante adoption of improved varieties for staple food crops with new evidence on smallholders' preferences for quinoa varieties. Our study underscores the importance of studying farmers' preferences ex ante to better inform agricultural research and development initiatives. This holds especially in the case of quinoa, given the sharp increase in attention for and investment in this crop in recent years. Funding: This research was funded by Vlaamse Interuniversitaire Raad, grant number ZIU S2018AP020 UNALM.
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